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From our work at the University of Minnesota prior to 2000, we knew that buffer-layer-
assisted growth could be used to produce abrupt interfaces where reactions were constrained by 
the fact that particles derived from tens to millions of atoms were brought into contact with 
substrates that ranged from GaAs(110) to BiSrCaCuO superconductors [1, 10-19].  In situ 
scanning tunneling microscopy had demonstrated that the particles increased in size with the 
thickness of the buffer layer [9], and we postulated that buffer desorption somehow tossed the 
particles around so that aggregation was possible. Through access to transmission electron 
microscopy in the MRL at the University of Illinois, we have been able to determine the 
distribution of particles delivered to amorphous carbon as a function of buffer thickness, buffer 
material, particle material, and warm up rate so as to reveal the physics underlying diffusion, 
aggregation, and coalescence.  Significantly, this enhanced understanding makes it possible to 
design experiments that produce sizes and distributions of nanoparticles of a very wide range of 
materials.  
 
The first experiments were designed to determine the particle densities and shapes for 
comparison to Monte Carlo simulations of cluster aggregation.  Graduate student Christina Haley 
studied Au particles on amorphous carbon that had been formed by deposition onto Xe buffers of 
variable thickness [2].   She compared the fractal dimension for ramified particles to simulations 
and determined that it was consistent with 2D diffusion-limited cluster-cluster aggregation. She 
also showed that both the weighted average cluster size and the cluster density had a power law 
dependence on the buffer thickness.  
 
When dealing with particles of nanometer dimension, it is important to realize that 
coalescence is driven by the very large surface energy and that particle integrity is a critical 
issue.  We reasoned that the tendency of particles to coalesce could be altered by adsorbates that 
would reduce the surface energy. While the coalescence/sintering of metal particles of nanometer 
size had been modeled with molecular dynamic simulations and continuum models [20], clean 
experiments were few.  Graduate student Vassil Antonov [3] investigated the coalescence of Pd 
nanostructures produced by BLAG under normal conditions and after coating them with an 
adsorbed monolayer of CO.  The studies of Pd showed a behavior similar to Au, with a power 
law dependence of particle size on buffer thickness.  He then repeated the experiments with a CO 
coating on the particles.  He found that the CO layer was not sufficient to prevent aggregation, 
presumably because of irregularities in the particle shape.  However, coalescence was 
significantly impeded, giving branched islands with thinner branches.  The crossover size from 
compact to branched growth was reduced two-fold, indicating constraints in Pd atom diffusion 
related to the adsorbed CO.  Another important conclusion was that solid CO performed the same 
function as Xe buffers allowing nanoparticle nucleation and growth, but with differences that 
reflected adatom and cluster interactions with the CO.  
 
In BLAG, the initial nucleation of the clusters and their subsequent diffusion during 
warm-up should depend upon the buffer layer species.  To quantify this dependence, graduate 
student Vassil Antonov, who was supported by DOE, worked with Jacob Palmer and Fulbright 
Fellow Arshad Bhatti to quantify the cluster density and the size distribution for Au particles as a 
function of buffer thickness for Xe, Kr, and Ar buffers [4].  For compact particles with a mean 
radius of less than ~5 nm radius, the diffusivity varied strongly with size and even increased with 
average size for a limited range.  We attributed this increase in the apparent diffusivity to self-
heating during coalescence (complete coalescence of two Au particles of 2000 atoms releases 
~120 eV).  Self-heating was more important for Kr than for Xe because of weaker interface 
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coupling.  In the large-size limit, where the mean radius exceeded ~10 nm and the particles were 
branched (more than 2x105 atoms), the diffusivity scaled with the inverse of the contact area with 
the buffer surface, consistent with MD simulations of fast slip diffusion on incommensurate 
surfaces.  This suggests that the diffusivity is controlled by viscous friction between buffer and 
particle, an interesting example of friction at the nanoscale.   
In BLAG, the temperature window in which desorption occurs is important in two 
competing processes.  Since cluster diffusion is thermally activated, increasing the temperature 
increases the diffusivity.  On the other hand, buffer desorption is also thermally activated, and 
increasing the temperature reduces the amount of time available for diffusion. Using the 
observed particle densities for different buffers, we were able to propose a model that quantified 
the competition between the processes.  This also led us to look for buffers that might be 
effective in BLAG but which would desorb at significantly higher temperatures.  For CO2 
buffers, the expected increase in diffusivity was offset by an increased barrier for diffusion due to 
the stronger interaction with the buffer [7].  Studies that are currently underway focus on H2O 
[ice] as a buffer, and all indications are that it functions well.  
 
In BLAG, one of the parameters that can be controlled is the rate at which the buffer layer 
is desorbed.  Detailed investigations of the effect of buffer thickness and desorption rate on the 
extent of aggregation for metal particles on Xe [5], together with Monte Carlo simulations of 
cluster-cluster aggregation, made it possible to deduce the Arrhenius parameters for slip-
diffusion.  The effective activation energies ranged from 0.12 eV for small Ag clusters (a few 
hundred atoms) to 0.60 eV for ramified Ni islands (millions of atoms), and the pre-exponential 
factors varied over many orders of magnitude.  Analyses of the barrier and the prefactors showed 
a correlation of the sort that has been observed in a wide range of physical, chemical, and 
biological processes, namely that an increase in the barrier is accompanied by a compensating 
exponential increase in the prefactor in a system of like processes.  This Meyer-Neldel 
compensation law gave a characteristic energy of 6.9 meV, and we concluded that the optical 
phonons of solid Xe are responsible for nanostructure mobility.  Moreover, we suggested that this 
dependence should be a common for nanoparticle diffusion.  Studies by Philip Waggoner of 
diffusion on CO2 buffers did, indeed, show an increase in the characteristic energy of the 
elementary excitations, consistent with the more energetic phonons of CO2 [7].  Studies of H2O 
buffers and C60 buffers should provide important insights, as well as determining the viability of 
BLAG at higher temperature.  
 
Graduate student Jacob Palmer [8] undertook studies to determine whether the 
microstructure of the buffer layers used in BLAG could be used to vary the spatial distributions 
of the particles.  First, we showed that the nuclei of rare gas layers on amorphous carbon or silica 
were very small, with irregular coverage at the beginning at 15 to 40 K.  However, as the buffer 
grew in thickness, large columnar grains developed through secondary grain growth, analogous 
to what occurs in metal films at high temperature.  Moreover, surface grooves were observed to 
form where the grain boundaries intersect the buffer surface, also in analogy to metal films at 
high temperature.  The deposition of Au atoms onto these surfaces then produced clusters, and 
warm-up induced cluster diffusion and aggregation.  What was new was that TEM results 
showed that the grooves were able to capture the mobile clusters in a fashion analogous to the 
capture of agitated grains of sand on a patterned surface. The grain boundaries and their grooves 
then offer a way to vary the cluster distribution on the surface and to print by pattern transfer 
using nanoscale particles of a material of choice [8]. 
 
Finally, Antonov and Parasuraman Swaminathan [10] considered the assembly of 
nanostructures of CdS, CdSe, and CdTe using the techniques of BLAG.  He found that both 
compact clusters and ramified wires could be synthesized by varying the Xe buffer layer 
thickness.  Analysis of the nanostructure size distributions and densities made it possible to 
calculate their diffusion parameters of the subliming Xe.  Photoluminescence measurements 
indicated changes from 3D to 2D confinement as compact particles were replaced by ramified 
wires, and laser power dependent studies gave him the low temperature exciton lifetime. 
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A low temperature Omicron scanning tunneling microscope was acquired under 
DEFG02-01ER45944 to allow structural and electronic characterization of nanoparticles grown 
and maintained in ultrahigh vacuum, with control over temperature.  Inaugural experiments were 
conducted by research associate Koji Nakayama that focused on Ag interactions with Br-
passivated Si(100)-(2x1) [21]. Physical vapor deposition resulted in small 3D Ag structures, and 
subsequent annealing produced many-layer-high epitaxially-aligned Ag crystallites.  We were 
able to obtain atomic resolution of the (111) top-most layer, demonstrate the absence of screw 
dislocations, and identify <-2 1 1> and <-1 1 0> steps that bounded the multilayer structure. This 
is the kind of information that will be needed to characterize the interactions of BLAG-delivered 
nanostructures.   
 
In preparation for a new program that would deal with metal surfaces, we developed the 
protocol whereby Ag(111) films of high quality can be grown on Si(111)-(7x7), using the 
technique of deposition at low temperature and then crystallization at room temperature [22].  
These surfaces are intended to be the substrates to which clusters can be delivered by BLAG. 
 
Personnel: 
 
When DEFG02-01ER45944 was funded, the PI had recently moved to Illinois.  Only 
graduate student Christina Haley transferred with him, and she completed her M.S. in February 
2002 [2].  Vassil Antonov joined in May 2001 and completed his PhD in December 2005. Jacob 
Palmer joined in September 2002 and Parasuraman Swaminathan joined in September 2003.  
Arshad Bhatti was a Fulbright Fellow in WeaverLabs from October 2002  September 2003.  
After his return to Pakistan, we wrote successful proposals to the NSF-INT and the Pakistan 
Ministry of Science and Technology that will support personnel exchange and enhance the 
proposed continuation of DEFG02-01ER45944.  Undergraduate Philip Waggoner worked on 
BLAG beginning in his sophomore year.  In September 2005, he matriculated at Cornell in 
Applied Physics with an NDSEG fellowship. Postdoctoral research associate Koji Nakayama 
joined in March 2001 and was been supported in part by DEFG02-01ER45944; his focus was 
been on the development of low temperature STM, studies of the Ag cluster stability on Br-
Si(100) [23], single atom chemical recognition [24], and preparation for BLAG growth in the 
STM.  He took a permanent position at IMR at Sendai University in June 2005. 
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